Background: FEN1 removes 5Ј-flaps during DNA replication and repair. Results: With increasing flap length, rate of removal decreases, and the rate-determining step changes. Trinucleotide repeat (TNR) flaps are removed slower than mixed sequence flaps of the same length. Conclusion: FEN1 is biased against long flaps and TNR sequences. Significance: These results provide a kinetic perspective on the role of FEN1 in DNA replication and repair.
Human flap endonuclease 1 (FEN1) 3 is a Mg 2ϩ -dependent, structure-specific nuclease responsible for removing the 5Ј-DNA flaps created by a DNA polymerase during strand displacement synthesis (1, 2) . During lagging strand replication, DNA polymerase ␦ extends RNA-primed segments and displaces a portion of the downstream Okazaki fragment, creating a 5Ј-flap. FEN1 cleaves at the base of the flap, creating a nick that can be sealed by DNA ligase. In long patch base excision repair, a DNA polymerase also performs strand displacement synthesis and creates a 5Ј-flap that is removed by FEN1, and the repair is completed by DNA ligase.
In the active site of FEN1, several acidic residues bind two Mg 2ϩ ions, which coordinate the scissile phosphate and activate a nearby water for nucleophilic attack (3) (4) (5) (6) (7) (8) (9) . Above the active site is a disordered loop that, upon threading of the 5Ј-flap, orders into a helical arch and is thought to be responsible for maintaining specificity for 5Ј-flaps (10) . The DNA substrate is anchored to the enzyme through a 1-nt 3Ј-flap, which is bound in a 3Ј-flap binding pocket adjacent to the active site. The presence of the 3Ј-flap binding pocket suggests that DNA containing a 3Ј/5Ј-double flap is the native substrate for FEN1 (4, 7, 11) . Interestingly, these 3Ј/5Ј-double flap species arise as part of "flap equilibration" (Fig. 1 ) and reflect the dynamic nature of FEN1 substrates.
FEN1 is capable of binding to and cleaving substrates containing a 5Ј-single flap, with cleavage occurring at the base of the 5Ј-flap (12) (13) (14) . The enzyme, however, prefers substrates with 3Ј/5Ј-double flaps and cleaves the DNA 1 nt downstream of the base of the 5Ј-flap (7, 11, 12) . Although the 3Ј-flap is not necessary for catalysis, its presence increases both single-turnover and multiple-turnover catalytic rates (12) . Furthermore, previous kinetic characterizations of FEN1 (10, 12) have shown that the rate of cleavage under single-turnover conditions (k STO ) does not change for 3Ј/5Ј-double flap substrates as the 5Ј-flap varies from 3 to 21 nt in length. There are mixed reports of whether the rate of cleavage under multiple-turnover conditions (k cat ) is significantly slower than (12) or comparable to (10) k STO . Notably, whereas these previous kinetic studies highlight the importance of the 3Ј-flap, the substrates used constitutively maintain the 3Ј/5Ј-double flaps via a mismatch between the template strand and a 1-nt 3Ј-flap, and thus flap equilibration cannot occur.
Defining the kinetic parameters of FEN1 activity on biological substrates is increasingly important because we and others have proposed that FEN1 contributes to genetic instability when DNA replication or long patch base excision repair is initiated in regions of trinucleotide repeat (TNR) DNA, such as CAG sequences (15) (16) (17) (18) (19) (20) . Flaps formed by TNR DNA have the ability to fold back upon themselves and form intramolecular secondary structures, which have been demonstrated to hamper FEN1 activity (15, 17, (21) (22) (23) . If the flap is a substrate for DNA ligase, extra nucleotides can be ligated into the genome, and the TNR tract expands (24) . Many neurodegenerative diseases, such as Huntington disease and Friedrich ataxia, are associated with an expanded length of TNR sequences (25) , which highlights the importance of defining the enzymatic players involved in this genetic instability.
In this work we report the first kinetic characterization of FEN1 acting on substrates capable of equilibrating between 5Ј-single flap and 3Ј/5Ј-double flap species. We define the effects of flap characteristics on the rate of flap cleavage. With flaps of varying length and sequence context (mixed sequence or TNR), we observe that FEN1 kinetically discriminates shorter flaps from longer flaps and mixed sequence flaps from CAG repeat flaps of comparable length. The results enhance our understanding of the role of FEN1 in DNA replication and repair, as well as the substrate specificity of the enzyme. Further, we elucidate inherent limitations of FEN1 and how those limitations can mediate or promote disease-initiating TNR expansion.
Experimental Procedures
Oligonucleotide Synthesis and Purification-The DNA oligonucleotides used in this study are listed in Table 1 and were synthesized using standard phosphoramidite chemistry on a BioAutomation DNA/RNA synthesizer. The 5Ј-DMT group was retained on all strands for ease of purification. For strands shorter than 45 nt in length, the strands were purified by HPLC using a Dynamax Microsorb C18 column (10 ϫ 250 mm), with acetonitrile (solvent A) and 30 mM ammonium acetate (solvent B) as mobile phases (gradient: solvent A was increased from 5% to 25% over 25 min; 3.5 ml/min). The 5Ј-DMT group was removed by incubation in 80% glacial acetic acid for 12 min at room temperature, followed by a second round of HPLC purification (gradient: solvent A was increased from 0% to 15% over 35 min; 3.5 ml/min).
Strands longer than 45 nt were purified by HPLC using a Polymer Labs Reverse Phase PLRP-S column (4.6 ϫ 250 mm) at 90°C, with 90% acetonitrile and 100 mM triethylammonium acetate (solvent A) and 1% acetonitrile and 100 mM triethylammonium acetate (solvent B) as mobile phases (gradient: solvent A was increased from 5% to 25% over 25 min; 1.0 ml/min). The 5Ј-DMT group was removed as described above, followed by another round of HPLC purification (gradient: solvent A was increased from 0% to 25% over 40 min; 1 ml/min). Following HPLC purification, strands were resuspended in 25-50 l 100% formamide and further purified by 18% denaturing PAGE (33 ϫ 42 cm, 0.8 mm thick), run for ϳ2.5 h at 80 W. Regions of the gel containing desired DNA were excised, crushed, and shaken lightly overnight at 37°C in deionized water. The supernatant was dialyzed against 200 M sodium phosphate, 1 mM NaCl, pH 7.4 buffer, dried, resuspended in deionized water, and desalted using a Micro Bio-Spin TM 6 column (Bio-Rad). Oligonucleotides were quantitated at 90°C using the ⑀ 260 estimated by the nearest neighbor method (26, 27) and a Beckman Coulter DU800 UV-visible spectrophotometer.
Characterization of DNA Substrates by Native Gel Electrophoresis-For each sample, 10 pmol of a single DNA strand (Template strand for lanes 1-3; Flap X for lanes 4 -9) were 5Ј-32 P end-labeled using T4 polynucleotide kinase (New England Biolabs) following the manufacturer's protocol. Strands were annealed in ratios of 1:1. FEN1 Expression and Purification-Wild-type human FEN1 was overexpressed and purified as previously described (28) , with the addition of a Superdex 200 (GE Healthcare Life Sciences) size exclusion column following the cation exchange column. Fractions from the cation exchange column containing the most FEN1 were concentrated with a 15-ml, 30,000 molecular weight cutoff Amicon centrifugal filter to less than 1 ml and loaded onto the size exclusion column pre-equilibrated with buffer A (50 mM HEPES-KOH, 5% (v/v) glycerol, pH 7.4) plus 50 mM KCl at 4°C. Protein was eluted from the column with buffer A plus 50 mM KCl in 3-ml fractions. Fractions containing protein (as determined by the addition of Bradford reagent) were analyzed by 4 -20% SDS-PAGE, and those containing FEN1 (Ͼ90% purity) were concentrated with a 15-ml, 30,000 molecular weight cutoff Amicon centrifugal filter. Concentrated FEN1 was mixed with FEN1 storage buffer (20 mM HEPES-KOH, 50 mM KCl, 1 mM DTT, 50% (v/v) glycerol, pH 7.4) and aliquoted. Each aliquot was flash frozen with liquid nitrogen and stored at Ϫ80°C until use. Total protein concentration was determined using the Bradford assay with bovine ␥-globulin standards. The FEN1 preparation was ϳ50% active as determined by multiple-turnover kinetics experiments, and all FEN1 concentrations given below are active enzyme concentrations.
FEN1 Single-turnover Kinetic Assays-FEN1 single-turnover kinetic experiments were performed using a Rapid Quench Flow instrument (RQF-3; KinTek Corp.). For each experiment, 10-pmol Flap X strands were 5Ј-32 P-end labeled and annealed as . RQF reactions were allowed to proceed for 0.002-3 s (12R, 14M, 30M, 30R, and 45M), 0.002-5 s (45R), 0.002-10 s (60M), or 0.002-90 s (60R) at 37°C. Once the sample was expelled from the RQF, it was placed at 90°C for 2 min and then on dry ice until all samples were collected. The negative control in each experiment (labeled 0 on autoradiograms) involved mixing DNA substrate and FEN1 reaction buffer (in the absence of FEN1) for the longest reaction time in the time course in the RQF at 37°C and was then quenched with 85 l of 100 mM EDTA, heated to 90°C for 2 min, and placed on dry ice. After all samples were collected, 50 l of denaturing dye was added, and samples were separated on a 18% (12R, 14M, 30M, and 30R) or 12% (45M, 45R, 60M, and d60R) denaturing PAGE gel (33 ϫ 42 cm, 0.4 mm thick) for ϳ2 h at 80W, and products were visualized by phosphorimaging. Densitometry was used to quantitate the percentage of product formed, and kinetic plots reflect the amount of product formed versus time.
For all single-turnover time courses, data from the full time course were fit to a monoexponential equation using Kaleidagraph to obtain the single-turnover rate (k STO ). For substrates where multiple product bands were observed, the products were quantitated together, and k STO reflects the formation of the total population of products. The errors on single-turnover rates represent the standard deviation of three separate exper-iments. Two-tailed Student's t tests were performed to obtain p values for single-turnover rates for comparing k STO values; we considered p Յ 0.01 to be statistically different.
FEN1 Multiple-turnover Kinetic Assays-DNA substrates were assembled as described above. For each time course, a 500-l aliquot of 100 nM DNA substrate in annealing buffer and a 400-l aliquot of 4 nM FEN1 in FEN1 reaction buffer were prepared. An RQF instrument was used to mix equal volumes of DNA and FEN1 (final sample concentrations of 50 nM DNA substrate, 2 nM FEN1, 30 mM HEPES-KOH, 40 mM KCl, 8 mM MgCl 2 , 5% (v/v) glycerol, 0.1 mg/ml BSA, pH 7.4) for 0.002-120 s at 37°C prior to quenching with 85 l of 100 mM EDTA. Samples were processed and separated by denaturing PAGE as described above. Products were visualized and quantitated as described above. Kaleidagraph was used to fit data to a burst plus linear phase, or solely linear phase, with the slope of the linear phase equal to k cat ϫ [active enzyme] (29) . The active enzyme concentration of ϳ50% was determined by extrapolating the linear phase to the y axis. The multiple-turnover catalytic rates (k cat ) are from a single data set, and the error reported is the error associated with the fit.
Results
DNA Substrates-DNA substrates containing either mixed sequence or (CAG) n flaps capable of flap equilibration were used to determine the kinetic parameters of FEN1 ( Table 1 ). The substrates are named according to the length of the 5Ј-flap (as observed in the 5Ј-single flap species) and the content of the flap, either mixed sequence (M) or CAG repeat (R). Thus a substrate containing a 14-nt mixed sequence flap is here called 14M, and cleavage by FEN1 yields a product 14 nt in length.
Annealing of the template, upstream, and Flap X strands was confirmed by native gel electrophoresis (Fig. 2) . Lanes 1, 2, and 3 serve as size controls and represent single-stranded template, duplex, and nicked duplex, respectively. The nicked duplex is a three-stranded substrate that lacks a 5Ј-flap. Relative to the nicked duplex (lane 3), there is decreased mobility for all samples containing a 5Ј-flap (lanes 4 -9), with longer flaps migrating more slowly than shorter flaps. Furthermore, there is a slight difference in migration of substrates containing mixed sequence and CAG repeat flaps of the same length, most visible for 30R and 30M (lanes 4 and 5, respectively).
Minimal Kinetic Scheme of FEN1-Until recently, the accepted model was that FEN1 recognized the 5Ј-end of the flap 
a The 5Ј-flap region is underlined. The length of the flap (nucleotides) in the 5Ј-single flap species and sequence of the flap (either mixed sequence (M) or CAG repeat (R)) are indicated in the subscript (X).
FEN1 Is Biased against Long Flaps and TNR DNA
and tracked down the flap until it reached the double-stranded region and cleaved the scissile phosphate (30) . However, recent studies suggest that FEN1 binds at the double-stranded/flap junction and threads the flap through the disordered loop, followed by ordering of the loop into the helical arch and cleavage (10, 12, 31) . Thus the minimal kinetic scheme shown in Fig. 3 presents the basic steps necessary for the enzymatic cycle of FEN1: binding of FEN1 to the DNA substrate (k on and k off ), threading of the 5Ј-flap through the disordered loop (k thread ), ordering of the loop to form the helical arch (k order ), chemistry (k chemistry ) to cleave the 5Ј-flap, and product release (k release ).
Single-turnover Kinetics of FEN1: Substrates with Flaps of 30 nt or fewer-Single-turnover kinetic time courses were performed such that the concentration of FEN1 exceeded the DNA concentration by at least 5-fold. The enzyme and DNA substrate were mixed and rapidly quenched by use of a RQF instrument. Under single-turnover conditions, the observed rate (k STO ) is representative of the slowest step up to and including chemistry. For substrates containing flaps of 30 nt or fewer (12R, 14M, 30M, and 30R), an accumulation of product is observed, followed by a plateau (Fig. 4A and data not shown). All substrates with flaps of 30 nt or fewer are processed at a rate of k STO ϭ 30 -55 s Ϫ1 (Table 2) and are not statistically different.
It is worthy of note that although 30M and 30R are indistinguishable by k STO , the autoradiograms indicate that the two substrates are processed differently by FEN1 (Fig. 4B) . The autoradiogram of 30M depicts a single product corresponding to the cleaved 30-nt flap. Similar to 30M, both 12R and 14M substrates yield only a single product band (data not shown). Cleavage of 30R, however, yields the 30-nt cleaved flap, as well as several smaller products fewer than 30 nt in length, producing a ladder-type pattern of cleavage. Because the smaller and full-length products accumulate at similar rates, the reported value for k STO reflects formation of this total population of products.
Single-turnover Kinetics of FEN1: Substrates with Flaps Longer than 30 nt-There is a clear decrease in k STO when the flap is lengthened beyond 30 nt, and this change is depicted graphically for the mixed sequence flaps in Fig. 5A and much more dramatically for the CAG repeat flaps in Fig. 5B . The 45M and 45R substrates are cleaved more slowly than the shorter flap substrates, with k STO of 12 and 0.95 s Ϫ1 , respectively. When the flap is increased to 60 nt, k STO is decreased further still. Interestingly, for flaps shorter than 30 nt, there was no difference in k STO for the mixed sequence and CAG repeat flaps; however, for flaps greater than 30 nt, FEN1 kinetically discriminates between the two sequence contexts with the repetitive DNA AUGUST 21, 2015 • VOLUME 290 • NUMBER 34
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flap removed at a slower rate ( Fig. 6 for 45-nt flaps; Fig. 7 for 60 nt flaps). Similar to the shorter flaps, the 45M and 60M substrates yield a single product corresponding to cleavage of the full flap (Fig.  6B, top panel; Fig. 7B, top panel) . However, the 45R substrate displays a ladder-like cleavage pattern, similar to that observed for 30R (Fig. 6B, bottom panel) . The 60R substrate is different still and yields products corresponding to cleavage of the full flap, the ladder pattern of cleavage observed in 30R and 45R, and significantly shorter products that are fewer than 20 nt in length (Fig. 7B, bottom panel) .
Multiple-turnover Kinetics of FEN1-Multiple-turnover kinetic time courses were performed such that the concentration of DNA greatly exceeded the concentration of FEN1. If the rate-determining step occurs after chemistry, FEN1 should exhibit burst kinetics under multiple-turnover conditions, with a rapid accumulation of product followed by a linear phase. For substrates with flaps of 30 nt or fewer, FEN1 demonstrates burst kinetics ( Fig. 8A and data not shown) , and for each substrate, the rate of the burst phase (k burst ) is comparable to k STO ( Table 2 ). For these shorter flap substrates, we obtained multiple-turnover catalytic rates of k cat ϭ 2-4.5 s Ϫ1 . The 45M sub- strate exhibits relatively small differences in rates between the burst and linear phases, manifested as a less well defined burst for 45M (filled diamonds) relative to 30M (filled squares), as seen in Fig. 8A . Interestingly, the 45R, 60M, and 60R substrates do not exhibit burst kinetics, and rather solely a linear phase is observed with k cat of 0.40, 1.43, and 0.071 s Ϫ1 , respectively ( Fig.  8B and data not shown).
Discussion
In this work we establish that the kinetic behavior of FEN1 is modulated by both flap length and sequence on substrates capable of equilibrating between 5Ј-single flap and 3Ј/5Ј-double flap species. For substrates with flaps of 30 nt or fewer, regardless of sequence, k STO is the same within error. Importantly, previous studies examined binding of FEN1 to 5-53-nt mixed sequence flaps and established that the K D is unchanged over this length regime (31) . This prior work along with our own characterizations establish that the conditions of our singleturnover experiments are such that the concentration of FEN1 is well above the K D , and binding to substrate does not limit k STO . Thus the k STO values reported in Table 2 correspond to either k thread , k order , or k chemistry . For these shorter flap substrates, k STO likely corresponds to k chemistry ; however, these experiments cannot rule out that k thread or k order influence k STO . The values we obtained for k STO for flaps of 30 nt or fewer are comparable to those reported previously for a poly(dT) flap of 5 nt (12) and mixed sequence flaps of 3 or 21 nt (10) . Because these previous studies used substrates in which the flaps cannot equilibrate, these results suggest that for flaps shorter than 30 nt in length, the ability of the flaps to equilibrate does not AUGUST 21, 2015 • VOLUME 290 • NUMBER 34 influence k STO . This conclusion is supported by our observation that k STO of a 14-nt mixed sequence flap substrate that constitutively maintains the 3Ј/5Ј-double flap is comparable to the k STO of 14M (data not shown).
FEN1 Is Biased against Long Flaps and TNR DNA
The observation of burst kinetics in our multiple-turnover experiments for substrates with flaps of 30 nt or fewer indicates that for these shorter flaps, a step after chemistry is rate-limiting, in this case product release. This observation of burst kinetics and the reported rates are consistent with a previous kinetic characterization of FEN1 on a poly(dT) flap of 5 nt (12) .
In this study, we report the first kinetic characterization of substrates containing flaps longer than 21 nt in length. Our results demonstrate that several notable changes occur when the flap length is increased beyond 30 nt: 1) k STO decreases as a function of length; 2) FEN1 kinetically discriminates between mixed sequence and CAG repeat flaps; and 3) the rate-determining step of the enzymatic cycle changes.
We will first discuss the length dependence of k STO for mixed sequence flaps. Mixed sequence flaps longer than 30 nt are likely not formed in vivo (32, 33) , and thus this drop in k STO would not have biological implications. Nevertheless, it has been shown that substrates with longer flaps dissociate from FEN1 less readily than those with shorter flaps because of a slower rate of unthreading of the flap (31) . Therefore, we propose that k thread is slowed significantly for mixed sequence flaps longer than 30 nt and drives the observed decrease in k STO .
Whereas flaps longer than 30 nt are likely not formed in vivo for mixed sequences, such longer flaps are biologically relevant for TNR sequences because of well documented strand slippage displacement synthesis activity by polymerases, where slippage can occur on the newly synthesized strand and/or the template strand (34 -38) . Indeed, reconstitution of base excision repair in vitro has demonstrated that strand displacement synthesis by DNA polymerases leads to significant expansion of TNR sequences (16, 17) . Importantly, we observe that whereas shorter flaps are processed comparably regardless of sequence, at 45 nt FEN1 kinetically discriminates between mixed sequence and CAG repeat flaps and is biased such that the repeat-containing flaps are removed at a slower rate. Previous studies observed a decrease in activity of FEN1 on substrates containing TNR flaps 15-60 nt in length; however, these studies did not report rates (15, 17, 21, 23) .
The kinetic bias we observe may derive from differences in processing of the CAG repeat flap at numerous steps in the enzymatic cycle: binding, threading, ordering, or chemistry. Regardless of the step(s) affected, the differences observed for the CAG repeat sequences are likely due to secondary structure in the flap. Indeed, the migratory differences for mixed sequence and CAG flaps observed on a native gel indicate that the TNR flap adopts a secondary structure. Previous work from our and other labs showed that CAG oligonucleotides are capable of forming secondary structure in vitro (39 -45) and in vivo (46) , specifically stem-loop hairpins.
Binding of FEN1 may be influenced if the flap forms a secondary structure. Furthermore, it has been shown that FEN1 can nonproductively bind to substrates containing flaps that it cannot thread and thus cannot cleave (10, 31) . The disordered loop is large enough to accommodate threading of doublestranded DNA, as well as other secondary flap modifications (10, 13, 21) , which need not be resolved prior to or in the process of threading (10) , suggesting that a CAG hairpin can be threaded. Nevertheless, the structure may sterically clash with the disordered loop, decreasing the rate at which the flap is threaded. We also considered that the kinetic discrimination between mixed sequence and CAG repeat flaps could be the result of a decrease in k order (10) . Crystal structures of FEN1, as well as its homologues, indicate that the helical arch is capable of accommodating only single-stranded DNA once it has ordered (4 -9), and substrates with flap modifications close to the base of the flap are processed very poorly, if at all (13) . It is thus thought that there must be a few nucleotides near the base of the flap that are single-stranded for ordering to occur (4, 10, 13, 47); therefore, secondary structure at the base of the flap, as might occur in a CAG stem-loop hairpin, may impede ordering of the loop.
It is also possible that a decreased k chemistry is responsible for the kinetic discrimination between the CAG repeat flap substrates and their mixed sequence counterparts. The structured CAG flap may be situated in the active site differently than an unstructured flap, thus changing orientation of or decreasing accessibility to the scissile phosphate (10, 48, 49) . The scissile phosphate, furthermore, is not always at the base of the flap for CAG repeat substrates, as evidenced by the ladder-type cleavage patterns observed for 30R, 45R, and 60R. The predominate product is cleavage of the full flap and suggests that hairpin(s) formed are sufficiently disordered at the base and/or the hairpin is spatially separated from the base by a sufficient number of nucleotides to allow for ordering around a single-stranded region. The smaller products may arise from different binding orientations of FEN1 to a single hairpin species or, more likely, from a population of alternate hairpin species where FEN1 binding positions an alternate phosphate in the active site. For the former situation, Fig. 9 depicts the several places along the 3Ј-end of the flap that FEN1 could bind and cleave to produce the ladder pattern seen in 30R, 45R, and 60R. We hypothesize that FEN1 may have difficulty recognizing the base of the flap if a hairpin forms, resulting in multiple binding orientations. Furthermore, the amount of ladder pattern cleavage decreases with increasing TNR flap length, which is likely due to increased energy requirements to unpair the base of the hairpin. The interpretation that the 30R, 45R, and 60R flaps form hairpins is bolstered by the observation that 12R, which contains a (CAG) 4 flap that is likely too short to maintain secondary structure, yields only the full-length cleavage product and no ladder-type cleavage.
It is noteworthy that the pattern of FEN1 cleavage for 60R varies from that previously reported for a substrate containing a (CAG) 20 flap; the predominate product in this previous study was not cleavage of the full flap, as we observed, but rather very small products (17) . We attribute this difference to a variation in substrate design, where in the previous work the majority of the 5Ј-(CAG) 20 flap could equilibrate to generate a large 3Ј-flap and a small 5Ј-flap. The shorter products could be the result of cleavage of the small 5Ј-flap or from a 5Ј-overhang of a CAG stem-loop hairpin. Furthermore, the significantly shorter products (Ͻ20 nt) we observe for 60R form only on long time scales and may arise from FEN1 activity on a previously cleaved flap. Although it remains unclear which step in the enzymatic cycle is responsible for the dramatic decrease in k STO , we have observed that FEN1 exhibits a flap length-dependent decrease in single-turnover rate for both mixed sequence and CAG repeat flaps. Our results also demonstrate that there is a threshold flap length at which the rate-determining step changes. For all flaps shorter than 30 nt, burst kinetics are observed in multipleturnover experiments, and thus the rate-determining step occurs after chemistry and corresponds to product release. For flaps of 60 nt, the lack of a burst under multiple-turnover conditions indicates that chemistry or a step prior to chemistry is rate-limiting. Therefore, the rate-determining step of FEN1 changes as a function of increased flap length. Indeed, for substrates that do not exhibit burst behavior, k STO and k cat likely represent the same kinetic step. The threshold flap length that represents the transition point for the rate-determining step is between 45 and 60 nt for mixed sequence flaps and for CAG repeat flaps is between 30 and 45 nt, and notably is shorter than mixed sequence flaps. We also recognize that there is a difference in the burst amplitudes of 30M and 45M, which likely arises because of additional kinetic complexity in processing flaps of increasing length, suggesting that the transition point for the rate-determining step is closer to 45 nt than 60 nt. Nevertheless, the specific threshold length may be different in vivo, because of the cellular environment and presence of other proteins, but we wish to emphasize that there exists a flap length where the ratedetermining step of FEN1 changes.
In summary, we demonstrate a length and sequence context effect on k STO for FEN1. Furthermore, the rate-determining step for FEN1 changes as a function of flap length, for substrates containing both mixed sequence and CAG repeat flaps. A change in the rate-determining step can have significant implications, especially for events requiring coordination of numerous enzymes, such as DNA replication and repair. We want to emphasize the bias FEN1 displays against TNR flaps. Depending on the length of the flap, FEN1 may not be able to remove the flap on a biologically relevant timescale. Indeed, if flap cleavage is sufficiently slow, ligase competes with FEN1 to incorporate the uncleaved flap into the genome, thus expand-ing the TNR tract (24) . These findings underscore the importance of defining kinetic parameters for enzymes and highlight the functional implications that changes in those parameters can have.
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